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TURBULENT AND LAMTNAR HEAT-TRANSFER MEASUREMENTS ON A
1/6-SCALE NACA RM~10 MISSILE IN FREE FLIGHT TO A
MACH NUMBER OF 4.2 AND TO A WALL
TEMPERATURE OF 1400° R

By Robert O. Plland, Katherine A. Collie,
and Williem E. Stoney

SUMMARY

Aerodynamic-heating data were obtained between Mach numbers of 1.2
and 4.2 from a free-flight test of a 1/6-scale finless NACA RM-10.
Translent skin temperatures were measured at silx stations along the
body. The meximum skin temperature recorded during flight was 1400° R.
The test of Reynolds number covered a range from 4.2 X 106 to 27.0 x 106.

Temperature recovery factors were obtained for each station at a
single time during the flight. The values agreed with Prandtl number
to the one-thlrd power within 3 percent.

The experimental turbulent Stenton numbers were in falr agreement
with Van Driest's theory (assuming transition at the tip) during the
time the skin was heating. During the skin-cooling period that followed,
the experimental values were consistently higher than the theoretical.

During the skin-heating period as turbulent heat-transfer coeffi-
cients were being measured, & sudden "burst" of laminar flow occurred
for 0.5 second. The lsminar or transitional flow extended to 38 percent
of the body lengbh or a Reynolds number of 13.3 x 106. For & short
time prior to, during, and after the "burst," the Mach number and
heating conditions were such that the two-dimensional stablility theorem
would have predilcted the possibility of an infinite length of laminar
flow. At one other very short pericd of time while the model was in
the stability reglon, there was no evidence of laminar flow.

Laminar heat-transfer coefficients were measured again during the
latter part of the test. Transition from turbulent to laminar flow
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began at local Reynolds numbers of 3 to 4 x 106. Poor agreement was
obtained with laminer theory at the foremost station. The agreement
became progressively better moving rearwerd on the body.

INTRODUCTION

Reference 1 presented drag date from a free-flight test of a
1/6-scale, sting-mounted NACA RM-10 model. In asseS§sing these data,
it appeared as 1f transition might have occurred during the flight.
Full-scale RM-10 heat-transfer models which allow assessment of the
condition of the boundary leyer (refs. 2 and 3) had previously been
tested over this Mach number renge (1.0 to 4.0) but at much higher
Reynolds numbers and no evidence of transition or laminer flow was noted.
Because of the need for information on transition and heating data at
all Reynolds numbers, it was decided to test & similar 1/6-scale RM-10
instrumented to measure skin temperature at statlions along the model;
these temperature data, when reduced to heat-transfer coefficdents,
would indilcete by thelr magnitude the nature of the boundary layer.

The heatlng data obtailned from this flight are therefore reported
herein for a Mach number range of 1.2 to 4.2 and a Reynolds number
range of 4.2 x 106 to 27.0 X 106 The mexlimum skin temperature recorded
during the flight wes 1400° R. The test was conducted at the Langley
Pilotless Aircraft Research Station at Wallops Islend, Va., in

January 1955.

SYMBOLS - -

quantity of heat, Btu B ) -
A area, sq ft
h local aerodynsmlc heat-transfer coefficlent, Btu/sec-sq £6-CF
T temperature
€ emisgivity
9, Stefan-Boltzman constant, 0.4835 x 10712, Btu/ftg—sec-oRh
k thermal conductivity of alr, Btu-ft/sec-CF-sq ft
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Ky thermal conductivity of Inconel, Btu-ft/sec-°F-sq ft
Ty thickness, ft
oL, specific weight of wall, lb/ft5
Cos specific heat of wall material, Btu/1b-°F
Cqg Stanton number
Cp specific heat of alr at constant pressure, Btu/slug—oF
0 density of air, slugs/cu £t
v velocity, ft/sec
Y raetio of specific heats
D pressure, 1b/sq £t
R gas constant for, alr, 1716 £12/sec2-°R
A,B constants in approximate equation for cy
R.F. recovery factor, Taw = Ty
so = Ty
Pr Prandtl number
J mechanical equilvalent of heat
g standard acceleration of gravity
M Mach number
R Reynolds number, ng
" viscosity of air, slugs/ft-sec
t time from start of flight, sec
X axlal distance along body from the nose, ft
o standard deviation (with subscripts to indicate quantity involved)

LN e
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ooy maximum probable error in Cg

Subscripts:

aw adiabatic wall

o} undisturbed free stream ahead of model

S0 stagnation

v Just outside boundary leyer

W wall (skin) )
8 sting

MODEL, INSTRUMENTATION, AND TEST

The test model was a 1/6-scale, finless NACA RM-10, sting mounted
on a carrier body whlch housed the instrumentation and sustalner rocket
motor. A photograph of the test model 1s shown in figure 1. A sketch
of the test model and the carrier body 1is presented on figure 2. The
model skin wes formed by spinning a l/52—inch—thick sheet of Inconel,
then highly polished. The skin-thickness measurements were made on the
finlshed model by using micrometers. The surface roughness was of the
order of 10 microinches. There was & break in the model at station 15
for purpose of assembly. Shortly behind the break there was a clrcum-
ferential row of flat-head screws. : -

Skin-temperature measurements were mede at six stations along the
body as shown in figure 2(b) by use of thermocouples. The thermocouple
wire was no. 30 chromel-alumel. The Junction between the wires consis-
ted of a bead of sbout 0.0l inch in dlameter, formed by fusing the wires
together and using the mercury-bath technique. Care was taken that the
wires were not in contact except within the bead. The beads were fitted
into holes drilled through The Inconel skin at the proper stations, with
the thermocouple leads inside the nose. The holes were then welded
closed with Inconel welding rod and the exterlor surface was smoothed
and pollshed. The cold junctions of the thermocouples were potted in .
paraplex inslde of & brass block of sufficlent mass that no change in
cold-~junction temperature would occur during the relatilvely short time
of the test. The cold-junction temperature was measured Jjust prior to
launching by a resistance-type temperature plckup also potted inside
the brass block. A cross check of this temperature was obtained by




NACA RM L56C05 N{WBE%: 5

simulteneously measuring the skin temperature with a thermocouple taped
to the exterior surface of the nose.

During flight, three standard voltages and the outputs of the six
thermocouples were commubtated and transmitted on a single telemeter
channel. The commutation rate and the electronic system were such that
each thermocouple voltage was transmitted 14 times per second, and each
standard voltage was transmitted 7 times per second. The three standard
voltages, supplied by a mercury cell and a voltage-divider network, were
chosen equivalent to the lowest temperature, the midrange temperature,
and the highest temperature that the skin thermocouples were expected
to reach. Commitatlon and transmission of these known voltages along
with the voltage readings of the skin thermocouples provided an in-
flight check calibratlon of the thermocouple telemeter and recording
system.

The sustainer rocket motor was a 6.25-inch ABL Deacon rocket motor.
The booster conslsted of a cluster of three of these rockets. The model
and booster on the launcher are shown 1n figure 3.

The model was lsunched at an angle of 70° %o the horizontal. The
booster propelled the model to a Mach number of 2.2. After a l-second
coasting period, the sustainer motor fired and accelerated the model
to a peak Mach number of 4.2.

During the time of rocket-motor firing and the coasting period
thet followed, an NACA telemeter located in the carrler body was relaying
the temperature measurements to ground-receiving stations. The model
velocity was measured by CW Doppler rader, and SCR 584 tracking radar
measured the flight path, giving horizontal range, altitude, and flight-
path angle. Atmospheric conditions were measured by radiosondes, one
launched some time prior to flight to reach high altitude by the time
the model was fired, and one at the time the model was launched to
accurately measure low-altitude data. Although no instrumentation was
carried in the model to make a direct measurement of angle of attack,
the size of the stabilizing fins was such as to make the carrier body
a highly stable vehicle so that an angle of attack near zero (tlo) was
meintained. Measurements such as flight path or static pressure (not
presented herein) geve no indication thet the model followed other
than a zero-lift trajectory.

DATA REDUCTION

During the flight test of the model, the followlng information was
obtalned as a function of flight tTime:
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(1) Skin temperature measurements (fig. 4)
(2) Model velocity, Mach number, and altitude (fig. 5)

(3) Air properties at any given time (density, static temperature,
and speed of sound)

It 1s desirable to reduce thils informastlon into the fdrm of Stanton
number and recovery factors. The method of reduction used 1s described
in the following sections: ' —

Stanton Number - -
The basic heat-transfer equations as given in reference 4 are:

For convectilon:

1 (Taw - TW>A (1)
For radiation outward:

—_— = E%TWAA 7 (2) 7

For radilation inwaerd (model skin to internal sting):

ds
- PN R S S A &
._E _l_ + _l_ - 1
Ag\es Cw
For conduction longitudinelly through skin: )
4q, 2
dt dx2

Equations (3) and (4) are strictly epplicable for the case of two coaxial
cylinders and a cylinder, respectively. ©Since the model shape in the
present case is paraboiic, the equations are approximstions. The error
introduced in the heatstransfer coefficlents by these approximetlions is
discussed in the section "Accuracy of Stanton Numbers." -

ViR
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7
The time rate of change of heat contained in the skin 1s
dr
g‘.@t:pT ——WA (5)
at WIS TT

The summation of the quantlties of heat contributed by convection,
radlation, and conduction (egs. (1), (2), (3), (4)) will equal the heat
contained in the skin (eq. (5)). Neglect conduction, which is less than
1 percent of the total heat transfer, and cancel A throughout; then

L L
PuTwCw T = Cfaw - Tw) - eUbTw# - 0b - éﬁw - Tg )

therefore

From the local convective heat-transfer coefficient (eq. (6)), the
Stanton number cean be determlned:

B h
%8 = o ey e

p,vPv'v

The properties of the test material (Inconel) are known. The
thickness Ty was measured with micrometers at the various stations

and was between 0.031 and 0.033 inch. The density p, 1s constant.

The specifilc heat ¢ variles with skin temperature, as shown on fig-
ure 6. These data were measured by the National Bureau of Standards
and are presented in reference 5. The emissivity of the material is
considered to be 0.3 throughout the flight. Measurements in reference 5
show that for nonoxidized Inconel, the emissivity varles only slightly
from the value of 0.3 for the temperature range of the test. The rate
~of change of temperature with time dT/dt was mechanically read, using
the measured temperature data. The sting temperature Ty used in

R
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calculeting the rediation term was assumed to be constant and equal
to ground air temperature. The thermodynamic properties of air
(cp, Pr, etc.) used in the computations were obtained from reference 6 _

)

and are presented in flgure 7. The adiabatic wall temperature Tgay
was obtained from the definition of recovery factor (ref. 3):

This leads to

Taw = Ty + Prl/3<Tso - TV)

The turbulent recovery factor i1s taken equal to Prl/5 and the laminaxr -

1/2

recovery factor 1ls taken equal to Pr , both based on wall temperature.

The turbulent recovery factor was assumed equal to Pi‘l/5 because Prl/5 "
has been shown to approximate the measured recovery factor within one

percent for a variety of test conditions. (See ref. 7.) The measured

recovery factors were not used since they were obtained at only one

time during the flight and hence at only one tempersture condltion.

The laminar recovery factor was assumed equal to Pr%/z, which 1s also
a reasonable approximatlion as shown by reference 7. The stagnation
temperature was computed from the energy equation

T . . R
ﬁ =f SOCP dam - - .
T

2Jg o

which takes into account the varlstion of the specific heat of air wilth
temperature. Figure 8 gives a typical time history of adisbatlc, steg-
natlon, and skin temperatures. The temperature T, 1is known from model

altitude and radiosonde measurements. The local temperature just out-
side the boundary layer T, 1s obtalned by correcting the free-stream
temperature T, for the effect of body pressures at the various sta-

tions. The slender-body theory of Jones and Margolils (ref. 8) was used .
for calculating the pressure distribution at supersonic speeds. Local
values of veloclty and density were also obtalned for use in reducing

the loecal convectlve heat-transfer coefficients h to Stanton num- -
bers (Cp = —2—n. B
cp,vvaQ

SNy o
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Recovery Factor

Recovery factors were determined at each temperature measuring
station at a single time during the flight by using the following method.

If the convective heat transfer 1s assumed to be zero, equation (6)
may be rewritten

L 1 I b

e‘chbTW +%L+ﬁ_l__]_ Tw "Ts
dTy €y A €s
at PuTwCw

By a cut-and-try process, the slope dT/dt which satisfled the conditions
on the right-hand side of the equatlion was found. The time corresponding
to thls slope will be the time of zero convectlve heat transfer. Now at
the time of zero convective heat transfer, the temperature of the wall

Ty will equal the adisbatic wall temperature Tgy. Therefore, at this

given time we may determine a recovery factor, since

R.F. - Jaw = Tv
Teo - Ty

Accuracy of Stanton Numbers

The accuracy of the Stanton nunbers is dependent upon the possible
errors In the various measured and estimated quantitles used in equa-
tions (6) and (7). An appendix 1s devoted to a discussion of these
errors and thelr probable resulting errors iIn Cg. Before discussing
these more specific sources of error, let us coneider the applicability
of the equations used in determining Cg. Equation (3) is strictly
appllicable for two coaxial cylinders whereas in the present case the
model 1s parabolic in shape. In order to estimate roughly the order of
magnitude of error that might be expected from this spproximation, the
relative contributions of convective and radlative heat transfer were
determined. Figure 9 presents the varietion of h with time for =
typical station indicating the relative magnitude of the convective and
radiative heat transfer. It 1s seen that the total radistive heat trans-
fer 1s at most 20 percent of the total., Furthermore, the radiative
heat transfer inward, not shown on the figure, was at the most only
1.5 percent of the total heat transfer. Consequently, even if the use

TG A
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of equation (3) results in a fairly large percentsge error in the cal-
culation of the inward radiative heat transfer, the error contributed
to h would still be smsall.

Equation (4) 1s strictly applicable for the case of conduction
longltudinally through a cylinder. The heat transfer for the present
parabolic case calculated from equation (4) was a negligible part of
the total heat transfer. In addition, the longitudinal conduction
through a conilcal skin was calculated and this contribution to the total
was also negligible, =

Using the method presented in the appendlx, the errors in Cq

attributable to errors in the various measured and estimated quantities
of equations (6) and (7) heve been calculated for station 6. The meas-
ured value of Cp, together with an sccuracy band, are presented in fig-
ure 10 as & function of time. The ratio of the probable error in Cp
to the experimentally determined Cyg, plotted as UCH/CH; is also pre-

sented in this figure. It can be seen that the accuracy of Cg varies
greatly during the test and this 1s primarily due to the variation of
Taw - Tyw. (See fig. 10.) The greeter the magnitude of this quantity,
the greater 1s the accuracy of the values of Cg; and conversely, as
Tew - Tw approaches zero, the ilnaccuracy of Cg becomes so great thet
the date are of no velue. The data presented in this report, therefore,
include only those which are accurate within 20 percent. The accu-
racy band and ratlo UCH Cg presented in figure 10 are strictly appli-

ceble to the data st statlon 6. However, at the other temperature
measuring stetlions the accuracy of Cp &t any given time ls essentially

the same as the accuracy of the date at station 6.

RESULTS AND DISCUSSION

Experimental Recovery Factors

The recovery factors determined as described previously are pre-
sented 1n flgure 11 as a functlon of model station. It should be noted
that the recovery factors were evaluated at different times at different

stations. The theoretical values of recovery factor Erl/5 and Prl/g,

based on the wall temperature at the times the recovery factors were
determined, are also presented. The experimental values are seen to

agree with Prl/3 within I3 percent for all stations. Consequently,
a turbulent boundary layer is indicated at all stations at the time for
which the recovery factors were computed. -

Y0 SpFORTAL _
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Stanton Number

The experimental and theoretical (Van.Driest, refs. 9 and 10)
Stanton numbers are presented in figure 12 as a function of flight time
for six temperature measuring stations. The parameters Ry, My, and

TW/PV, which theoretically determine Cg, are also presented on figure 12

as a function of time. For all six stations the theoretical varlation
of Cyg with time is presented. These calculations are obtelned by
using conical theory and assuming turbulent flow to exist from the nose
tip. The theoretlcal flat-plate values have been modified in accordance
with references 11 and 12 to glive the proper value for a conical shape.
The test model, although not a cone, is more nearly approximated by the
cone than by the flat plate, at least at the forward statlons. In addi-
tion, at the most forward station a theoretical curve is presented where
conicel theory 1s again used and ftransition 1s assumed to occur at a
Reynolds number of 2 X 106. At the most rearward station a theoretical
curve 1s also presented where calculations are based on flat-plate
theory.

It should be kept 1in mind that the theories of Van Driest with
which the experimental data sre compared were developed on the assump~
tion of a constant wall temperature and constant pressure distribution.
As can be geen in figure L4 there is considerable variation of tempera-
ture along the body at any given time. The pressures also along the
body eare not constant, the body belng neither a flat plate nor a cone.
The effect of the pressure gradient 1s taken into account in obtaining
the Stanton numbers by using values of density and velocity Just out-
side the boundary layer.

Consider first the date obtained while the skin is being heated.
These data cover the period of accelerating flight and a smell portion
of decelerating flight and extend to a time about 10 seconds after teke-
off. Except for a short period of time between 5.5 and 6.0 seconds, the
experimental Stanton numbers (fig. 12) are in failr agreement with the
turbulent theory results obtained by assuming transition at the nose tip.
From station to station the agreement varies somewhat, but no signifi-
cant consistent trends away from the theory are noted. At station 6
the theoretical values of Cp obtained on the assumption of transition
at a Reynolds number of 2 x 106 do not differ greatly from those obtained
on the assumptlion of transltlon at the nose tip. Up to about 8 sec-
onds after take-off the experimental data are in better agreement with
the theory based on the assumption of transitlion at the nose tip.
Between 8 and 10 seconds after take-off the agreement is better if a
transition Reynolds number of 2 X 106 1s assumed.

At 5.5 seconds after take-off at stations 6, 7.7, end 9.4, with
the local Reynolds number verying from 4 x 106 to 6.5 x 106, the Stanton

!'WéNFDEM%
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numbers dropped to the theoretical laminar level. This result must
have been due to a sudden "burst'" of laminar flow. The effect was most
pronounced at station 6 and decreased at the more rearward stations.

No effect can be seen at station 11.1. In an effort to determine the
cause of the laminar burst, recourse was made to the two-dimensional
laminar boundary-lsyer stebllity theory of reference 13. Filgure 13
presents & region defined by values of temperature ratio Tw/Tv and
Mach number in which, theoretically, infinite stebility of the laminar
boundary layer is attalnable. The flight data show the model to have
been In this reglon twice, between Mach numbers 1.5 and 2.0 and between
Mach numbers 2.5 and 3.8. It was during the second period in the sta-
bility reglon that the burst occurred, as shown in this figure.

Between about 10 end 12 seconds after teke-off, the skin temperatures

reach meximuns snd the forcing function T . - T, Dpasses through zero.

As discussed in the section entitled "Accuracy of Stanton Numbers," this
phenomenon results in inaccuracies in CH large enough to make data in

this interval meaningless and they therefore are not presented.

After about 12 seconds after take-off the model 1s decelerating,
and Mach number, Reynolds number, and wall temperatures are decreasing.
The measured Stanton numbers are seen to be consistently and considerably
higher than velues predicted by turbulent theory (transition at nose
tip) until the time when transition to laminar flow begins (approx.

15 sec). For a possible explanation refer to figure 12(a) which pre-
sents the data obtained at station 6. It can be seen that in this time
interval the experimental data are 1n falr agreement with the theoret-
ical values when transition 1s assumed at a Reynolds number of 2 X 106,
Since transition occurs shortly afterward at Reynolds numbers of about
3 X 106, this explanation of the seemlng disagreement is likely. It
should also be kept in mind that the accuracy of the data in thils time
interval is ebout t12 percent which could account for a part of the
disagreement.

Transition 1s seen to begin at & Reynolds number of 3 to 4 x 106
"at about 15 seconds. Leminar heat-transfer coefficlents are obtained
as far rearward as station 11.1 (figs. 12(a) to 12(d)). Station 12.8
(fig. 12(e)) shows the beginning of transition, but a laminar level
had not been reached at the latest time (20 sec) for which data are
availeble. The laminar coefficients at station 6 are not in good
agreement with the laminar theory. At the more rearward stations, failr
agreement 1s obtalned. The possibllity exlsts that the distribution _
of temperature along the nose, forward of station 6, 1s of such a non-
uniform nature due to the particular comstructloen of the model as to
affect the measured leminar Stanton numbers. At more rearward stations
on the body the nonuniform temperature near the nose tilp would probably
have less effect.

TR |
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Figure 14 presents the variatlion of Stanton number with station in
inches from the nose tip at various times during the flight. At the
time of 1.8 seconds, the measured Stanton numbers are lower than the
turbulent theory. Possible 1naccuracies in the data at this time could
account for most of the disagreement. At the time of 4.2 seconds the
agreement with theory i1s good. At the time of 5.8 seconds the typilcal
leminar, transition, turbulent curve is obtalned. This time corresponds
to the time of measuring the lowest heat-transfer coeffilclents during
the laminar burst. At 7.0 and 9.0 seconds, the data are again in good
agreement with turbulent theory. At 14.0 seconds, during skin cooling,
the poor agreement discussed previously i1s obtained.

Assuming a Reynolds number of transition of 2 x 106 improves the
agreement, especially at station 6, as has been prevliously discussed.
At the more rearward statlons, however, the agreement 1s not lmproved
significantly. At 18 seconds the varlation of Cg with station indi-
caetes the laminar, transition, and turbulent regions. The laminar coeffil-
clents, however, are considerably higher than the theoretical laminar
values and the turbulent value at station 18 is somewhat higher than
turbulent theory. At 20 seconds the laminar coefficients, with the
exception of station 6, are in fair agreement with the theory. As stated
earlier, in considering the laminar coefflcients it should be remembered
that the theory used here was developed on the assumption of e constant
temperature ahead of the measuring station.

CONCLUDING REMARKS

An NACA RM-10 1/6-scale model has been flight-tested and convective
heat-transfer coefficlents (Stanton numbers) have been obtained at six
stations slong the body. The Mach number range was from 1.2 to 4.2 and
the Reynolds number range was from 4.2 x 106 to 27.5 X 100. The meximum
recorded temperature was 1400° R. The following observations have been
made from a comparison of experlment and theory:

1. The Stanton numbers predicted by the turbulent theory of Van
Driest (on the assumption of transition at the nose tip) were in good
agreement with experiment during the period when the skin was being
heated. During the cooling period that followed, the measured Stanton
numbers were consistently higher than theory.

2. The measured recovery factors obtalned at each station at =
single time during the flight agreed with Prandtl number to the 1/5
power within t3 percent, indicating that turbulent flow existed at the
time at which recovery factors were determined.

¥ {ONF IDENTTAL
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3. A sudden "burst" of laminar flow occurred at & Mach number of
2.9 and extended to 38 percent of the body length corresponding to a
Reynolds number of 13.3 X 106. The model et this time wes in the theo-
retical reglon of infinite stabllity of the laminar boundary layer.

I, Transition from turbulent flow begins toward the end of the
test when the Reynolds number has dropped to 3 to & x_106. At this time
the model was well out of the regilon of laminar boundary-layer stebility.

Langley Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., February 16, 1956.
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ESTIMATED ERRORS

By William E. Stoney

Accuracy of Cg

Errors may be grouped under two headings, systematlc and random.
(This discussion follows the treatment in ref. 14.) Random errors are
those which in a large number of measurements are as often negative as
pesitive, and thus they affect the asrithmetic mean but 1little. All
other errors are classed as systematic.

Systematlic errors can be evaluasted only by comparison of the final
data wlth previously substantlated results, elther theoretical or empir-
ical. Although the number of previous tests with which such comparisons
can be made is not large, such comparisone have 1ndicated that there has
been little or no systematic error present and such will be assumed in
the present case.

Random errors appear in all the measured gquentities. These indi-
vidual errors will be quoted as standard deviatlons (U), that 1is, the
root mean square of the deviations of a set of observations from its
mean value. In general, these values wlll be estimated from what are,
statistically speaking, small samples and are thus themselves approxi-
mate In nature. The effect of the individual values of o on Cp will
be presented in the form

g CH aCH CJ'x

dx Cg

Cg

As the individuael errors act independently of one another, thelr combined
effect on Cg will be given by the followlng equation:

5 1/2
“CHyotal _ i(ﬁ’ﬂ) (A1)

Cr

CH. X=a
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The equation for Cpy reduced to the quantities which are measured,
calculated, or assumed 1s presented below: - ’

aT Ty - T
PuTw (Aw + BTE; Et_w + crboszw4 + oy L 5

oy VV> 0.2V52\ [T\, T
Pol =L Volatle, JR.F T (1 + =220 | (X7 | + { X|T, - T
o(po> O<VO P,V o] 7RT,, T, o T o W

Cy =

where the approximate expression (A + PBTy) has been substituted for
Cy. In the actual data reduction, experimental vaslues of ¢ were

2
0.2V
used. Also, the approximation <% + ———EfL> has been substituted for
o

the equatlion

e Tso

— = ar
2J g TO CP

which was used to get Ty, in the text. Equation (Aé) will be referred
to. ocasionally in 1ts more compact form:

aT .
~ Py TyCor + r

= pvvvcp,v(Taw - T@

Cy

where 1r refers to the radlastion terms.
. ] 5 _
The equations for EQE due to the errors in the individual quan-
H .
titles are presented below. The expressions for those gquantities which
have been assumed or which have negliglble effect on the accuracy of
Cg have been omitted.

YIWEETEERG .
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g
Quantity B due to ¢
ar 1 )
T. =X B 4+ boyT 3 le +
L ooy (& ™
2+ ¥ L o1
T, & A, Ss o - oT,, N o
aT., VT - Ty Taw - Ty
- PuTy I +r
_ Orst 1 oy
by Aw s
Fro et
T, Ew s s ~0
W
pw WCW dt
+ 1
T
Upo
Fo "o
T T
T -0
° ° ° =3 I TO |
Taw - Tw lTaw - Twl
‘ 0.LR.F.V 2
7 0.1MqC
VO 7R r 1 ﬂQ ~ 1o VO
Taw - Ty Vo Taw — Tw
o 9
T, [at dTW;dt
at,; T, w/at
_— — 1l ——
dt dt aT,,
Py TwCwr it
G‘fw ~ O,
'Tw Tw<l + r w> v
T. —x
PwTwCw P

Y TPPNPIDENGLAL
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g _
Quantity 2CH due to o '
Cy i
oy %Py /Pg
Po pv/po
o
© Y/ Vo
v T T . T, /T |
To (Tgw = Tu)m aw W} v/ %o
To
W o_opk ]
o T - T
UbewTwh + 2 Ll 5
€ 1 Aw'dl. 2
+ — - 1
€y AS S Oew
Sw r Jew g
= w
T, Cw
prch F .
+
- 1

When values of the individusl errors (see table at end of the
appendix) are substituted in the approximate forms of the error terms
and the results summed as 1n equation (Al), the following equatlon 1s
obtained (for Mg = 4):

o — 1/2
Trotel ~ Y5 L 4 o.0022

Cx (Taw - To)? <dTw>2
at

As shown by this equation, the data become extremely inaccurate when

aT
Taw - Tw and ——E-—>O; this effect 1s compounded since both these terms
dt .

Rl Leseyins
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go to zero at about the same time. A comparison of this equation with
equation (Al) computed using the complete error terms is shown in fig-
ure 10.

As can be seen from the upper part of figure 10, the percentage
error where the Ty, - T, difference 1s over 100° R is of the order of

20 percent or less. The percentage errors in this upper plot have been

used to calculate values of GCH% el which have been added and sub-
ota

tracted from the deta and the results presented as & shaded ares in the
lower plot. It seems apparent from the comparison of the shaded band
and the theoretlcal curve that nowhere are the data in slgnificant dis-
agreement with the theoretical calculations. This 1s more apparent

when it 1s realized that the values from theoretlical calculations should
be even higher than shown here due to the presence of laminsr reglons

on the body. (See fig. 12(a).) This conclusion applies to the data

of the remaining stations as well.

\

Estimation of Errors of Individual Measurements

Wall and shleld temperstures.- Assumling the absence of systematilc
errors In the temperature measurements permits the random errors to be
divided into two classes. In one group, the errors are such that they
do not vary rapidly with time - for example, calibration errors and
slow telemeter drifts. The other type exhibits 1tself in the data as
random scatter with time and is probably due In great part to the errors
involved in the recording and reading of the data.

This latter type of error can be evaluated from the deata when
dT/dt 1s less than sbout 25° per second. Such evaluation gives op = 50°.
This error is important only in flight conditions which give high rates
of temperature increase but even there it is overshadowed by the first
type of error, as will be shown.

The error of the first kind can be evaluated only by comparisons
of tests made under 1dentlcal conditions with different telemeters.
Since this comparison has not been made (in fact it would prove very
difficult to make in the temperature ranges of interest because of the
difficulty of lnowing or reproducing the conditions), it 1s necessary
for a value to be assumed on the basis of experlence with past measure-
ments. In general, the accuracy of telemeter data of all kinds has
been roughly estimated as 1 to 2 percent of the full-scele range of the
instrument used. Previous tests uslng temperature equipment similar to
that used on the present tests have indlcated that temperature data are
gt least as good and are probably better than the larger of these flgures.
Thus for the purposes of thls evaluation a filgure of 1 percent of the
full-scale value wlll be used and thls estimate glves a value of mT‘
of 20°.



20 _ w{% NACA RM L56C05

Error in p, and T,.- Errors involved 1n the determinatlion of

both py and T, are a comblnation of three independent factors:
(1) Error in the measured altltude of the model
(2) Error in the calculated altitude of the radiosonde
(3) Error in the measurement of the quantitieSV7po end T,

In the altitude range of the present tests the estimated accuracy
of the two altitude measurements together wlth the rates of change of Po
and T, with altitude glve errors in these quentities of Tog = 0.006

and GTO = 0.2°. Unpubllished NACA tests give values of Gpo = 0.008%.

and op
o]
reange below 50,000 feet. Since these errors are independent, they can

be combined by the equation Opgyg1 =,/oa2 + Gbg. This gives the total
¢ as follows:

0.9o for the radlosonde instrument error in the altitude

W

_ 40
Gpo = O.OlEpO and OTO = 1" F

Error in Vg.- In the altitude range considered the major error iﬁ

veloclity measurement ls due to the inaccuracies in the measurement of
wind velocity. Since the wind velocity 1s not measured at the time and
place of the model, any accureacy which may be guoted 1s open to some
doubt. However, consideration of accuracy of the actual measurements
used to obtaln the wind velocity as 1t affects the radiosonde balloon
leads to a figure of oy, = 4 feet per second.

Error in EEE.— If the measured temperatures are assumed correct;
at :

d _
errors in E%E are caused by i1naccuracles in the falring of the tempera-

ture date and in the readlng of the slopes of the faiiéd curves., An
inspection of the scatter of such readings leads to a flgure of
OaTw/dt = 1° per second for the falred results. This value seems to

. - - dT
include both types of error since an average error of EEE = 1° per

second was obtalned by Integrating the slope curves and comparing the
resulting temperatures with the original temperature curve for the data
of a typical station.

T R
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Errors in -, 71’ and @I.- Errors in the quantities pv/po,
o o o

Vy[Vo, and T JT, mey all be referred to error in the calculation of
the pressures over the body. While this error will be a function of
the computation methods used, it can be seen from the comparison of the

various methods with the results of the method of charsascteristics in
reference 15 that a value of UCP = O.O5cP is not unreasonably low.

This comparison of course includes the assumption that the method of
cheracteristics gives correct values, and this assumption has been shown
to be & good one except for flight conditions where the boundary leyer
might be expected to apprecisbly affect the flow contour about the body.
This latter condition should not exist in the present tests. Using the
value ¢, = 0.05¢cy values of ¢ can be obtained as
°p 7°p pv/po’vﬁ/vb’ V/TO

functions of p /p . This value is, for any partilcular model, a function
v/ o ?

of Mach number and body station. Eowever, for the present body and Mach
numbers, Pv/Po 1s small end leads to values of

S
< |

£ 0.01 Iy

6 -_— . ’

vapO,V&IVb,TVITO o To

Error in Ty.- The accuracy of the measurement of the well thickness

is estimated to be sbout 0.001 inch. For the wall thickness of the
present model this estimate leads to a value of UTW ~ 0,037

Error in ey.- The error in this quantity was estimated from the

apparent scatter in the data of i1its measured values and is er = 0.02.

Error In c Ops  Cy and R.F.,- The values of Cp,r Py

Dy’ Pros
Ops Cys 8nd R.F. have been assumed to be constants in which no error
appears. Although it is assumed that ¢ 1s known absolutely, it is a
quentity which varies with T, and the error attributable to this fact
appears in the error for Ty,. While cPv is a function of T, T,

varies so little that any error due to an error in Ty i1s quite
negligible.

In the presentation of the deta the recovery factor R.F. 1is

assumed to be equal to prl/3 enda Prl/2 for turbulent end lsminer
boundary layers, respectively, and thus the errors are assumed O. It
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should be noted, however, that the equation for the error in Cy due
to R.F. error,

<iC_H _Tew = Ty R.7, ,
CH /R.F I - Ty R.F.

shows that small errors in thils quantity can lead to quite large errors
in Cg when Tg, - T,— 0.

The values of the errors used in obtalning the dete of figure lO
are presented in tabular form as follows: -

Quantity o
Ty 20° R
Tq ' 20° R -
Po 0.015¢0,
To 1° R
Vo L" fPS
dTW/d'l; 1° per sec
Tw 0.05Tw
T V. V.
_‘?X, _!, - < 0.01 F_Dl, _T_V, -
0’ To’ Vo et Te? Vo
€y 0.02 =

N : AT\
() %m@
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Figure 2.- Sketches of test model and carrier vehlele and of model alone
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Flgure 3.~ Model with booster on launcher ready for firing.
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Figure 12.- Concluded.
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Figure 13.~ Comparison of flight conditions with conditions for infinite stabllity of the leminar
boundary layer.
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Stanton number varylng with stations along the hody for a given time.
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Figure 1k.- Concluded.
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